Abstract-This study determined the effect of system tilt angle (STA) and seat-to-backrest angle (SBA) changes on the load sustained by the shoulder during manual wheelchair propulsion. Fourteen elderly participants (mean +/-standard deviation age 68.2 +/-5.2 years) were recruited. Combinations of three STAs (0°, 5°, and 10°) and three SBAs (95°, 100°, and 105°) were randomly tested. The initial position of the wheel axle was held constant with respect to the participant's shoulder position in each condition (horizontal: 4 cm forward of shoulder, vertical: 110° to 120° elbow extension). The shoulder load was estimated by the joint moments. The analysis did not reveal any significant differences between shoulder joint moments (average and peak) for the various STA and SBA combinations. Changing the seat angle while keeping the wheel-axle position constant maintained the shoulder load at the same level. Thus, seat angle can be determined with the goals of user comfort and pressure modulation at the seat interface for alleviating pressure ulcers without increasing risk of overuse shoulder injuries.
INTRODUCTION
With the constant progress of technology, wheelchair configuration and design have evolved over the years. From nonadjustable wheelchairs came customizable wheelchairs that enable clinicians, designers, and users to modify the physical aspect of the wheelchair. Modifying seat position with respect to the wheel axle, cambering the wheels, varying backrest height, and increasing handrim diameter are some examples of possible wheelchair modifications.
Van der Woude et al. stated that optimum physical performance at low energy cost can only be achieved by optimal wheelchair-user configuration (seat position, wheel camber, hand-rim diameter, etc.) [1] . This implies that the configuration of the wheelchair must be unique to each individual so that he or she can obtain a maximum performance-cost ratio. One primary determinant of propulsion performance, which influences wheelchair stability, rolling resistance, and maneuverability, is the distribution of mass with respect to the wheel axle [2] . A more rearward center of mass with respect to the wheel axle is thought to increase the user's performance and postural control [2] and can be achieved by changing the seat position with respect to the wheel axle.
The horizontal and vertical positions of the seat with respect to the wheel axle (and therefore the position of the center of mass) are well documented to significantly affect the biomechanics of propulsion. Lower (100° to 120° elbow extension) and more backward seat positions with respect to the wheel axle have been associated with lower electromyograph activity [3] , lower push frequency [4] , higher push angle [4] , lower rate of rise of push force [4] , smaller elbow and shoulder motions [5] , lower oxygen cost, and higher mechanical efficiency [1] . Most studies based on these results agree that lower and more backward seat positions are more advantageous for the user and that an optimal wheelchair configuration could help reduce the risk of upper-limb injuries [1, [3] [4] [5] [6] . In a recent study, Mulroy et al. showed that a wheel axle placed 8 cm forward of the shoulder yielded a significant decrease in upward force around the shoulder [7] . The authors stated that reducing upward force could possibly diminish impingement on subacromial structures; thus, a nonoptimal wheelchair configuration could increase the risk of shoulder injuries [7] . Given the high prevalence of upper-limb pain and repetitive strain injury in manual wheelchair (MWC) users (31%-73%), especially around the shoulder [8] [9] [10] , knowledge of the best configuration for the user is important so that risks can be reduced.
Different seating positions alter the user's propulsion technique and thus the biomechanics of propulsion [3] . Aissaoui et al. showed that tilting the seat 10° significantly increased the effectiveness (tangential component) of the propulsive force in a group of elderly wheelchair users [11] . According to these results, users were more efficient during the push phase, but the authors did not estimate the load sustained by the shoulder (i.e., prime mover) [11] . Therefore, we were interested in examining whether different seat angles would prove to be more or less demanding for users, especially around the shoulder, and would help optimize wheelchair configuration. The objective of this study was to determine the effect of varying the seat-to-backrest angle (SBA) and system tilt angle (STA) on the load sustained by the shoulder during MWC propulsion.
METHODS
The data in the current study are from the same participants and protocol of an earlier study [11] . A summary of the experimental design and protocol is presented here.
Participants
We recruited 14 elderly MWC users (7 women and 7 men) for this experiment. The group's mean ± standard deviation (SD) age was 68.2 ± 5.2 years. A summary of the participants' characteristics is given in Table 1 . The participants' diagnoses were paraplegia (n = 3), tibial and/ or femoral amputation (n = 6), acute anterior poliomyelitis (n = 4), and multiple sclerosis (n = 1). To participate, 
Experimental Design and Protocol
The experimental design used a friction roller cylinder (Figure 1) . The mean ± SD resistance force applied to the roller was about 14 ± 4 N (Figure 1 , Fr) and maximum power output was 22.4 ± 1.1 W. The front wheels were locked onto the platform to prevent displacement. All participants were tested in the same custom-built wheelchair. The seat width was constant for all participants but the seat depth was adjustable to allow a 2 cmspace between the back of the knee and the seat. The wheelchair seat and backrest could move independently of each other, allowing different angle combinations. For the experiment, we combined three different STAs (0°, 5°, and 10°) with three different SBAs (95°, 100°, and 105°). Since our objective was to determine whether seating angle affects the biomechanics of propulsion, we held constant the horizontal and vertical positions of the wheel axle with respect to the participant. After the desired STA and SBA configuration was set, the height of the seat was determined when the participant's elbow angle (θ) was between 110° and 120° while his or her hand was positioned at the top center of the wheel (Figure 1 ) [1] . The horizontal position of the seat (Figure 1, H) was set in the same position with the wheel axle placed 4 cm forward of the shoulder marker (Figure 1 ). Nine configurations (3 STAs × 3 SBAs) were randomly tested twice. The participant had to reach a linear speed between 0.96 and 1.01 m/s for a trial to be valid. An occupational therapist ensured that velocity was maintained by giving verbal feedback to the participant. Linear velocity was monitored by a digital cycling computer (Bell-8, Cyclometer, Bell Sports, Canada). Each trial was followed by a 4-minute rest period.
Kinematic and Kinetic Measurements
To measure movements of the upper limbs, we placed 15 reflective markers, mounted on the right side, on the following anatomical landmarks (Figure 1) : one on the forehead (1), one on the right ear (2), three on the sternum (3) (4) (5) , one on the right acromion (6), one on the lateral epicondyle of the right elbow (7), one on each of the styloid processes of the ulna and the radius (8-9), one on each of the second and fifth metacarpophalangeal joints (10) (11) , one on the center of the wheel to represent the origin of the global coordinate system (12) , and one on each of the three beams of the wheel (13) (14) (15) . The three markers on the sternum (3-5) were attached to a rigid body and helped us define a coordinate system that accounted for the movements of the trunk. Kinematic data were collected with a three-dimensional motion analysis system (Motion Analysis System, Santa Rosa, California) at a sampling frequency of 60 Hz. The absolute error of the three-dimensional reconstruction of our system was 2.5 mm [12] . Origin of global coordinate system was placed at center of wheel axle. Resistance force (Fr) was applied to roller to create friction between cylinder and wheels. Fx = force at x-axis, Fy = force at y-axis, Fz = force at z-axis.
The forces and moments acting at the hand-rim level were collected at a rate of 240 Hz with an instrumented wheel (SMART Wheel ) [13] . The SMART Wheel was mounted on the right side of the wheelchair. A regular wheelchair wheel was placed on the left side and weights were added so that both wheels had the same inertial characteristics. Kinetic and kinematic data were synchronized. When the participant reached a steady state of manual propulsion (0.96-1.01 m/s) for at least 1 minute, we collected data for 10 seconds.
The origin of the global reference system was at the center of the SMART Wheel (Figure 1) . The x-axis was oriented in the forward direction horizontally. The y-axis contained the gravitational axis and was oriented in an upward direction, and the z-axis was obtained by the right-hand cross product.
Data Processing
The kinematic and kinetic data were filtered with a low-pass second-order Butterworth filter. The cut-off frequency of each kinematic marker and kinetic data were determined by an optimization procedure that minimized an objective function based on the autocorrelation between noise and information signal [14] .
The load on the shoulder was estimated by the joint moments. We used Dumas et al.'s inverse dynamic model that applies wrench formulation and quaternion algebra [15] . The inverse dynamic described by Dumas et al. has the advantage of avoiding calculation of joint-angle sequences to determine joint forces and moments [15] . The joint moments were referenced to the trunk and expressed using Cooper et al.'s reference system (Figure 2 ) [16] . The joint moments corresponded to adduction/abduction, internal/external rotation, and flexion/extension in the sagittal and horizontal planes (Figure 2 ). All joint moments were normalized across the push phase for comparison. The push phase or push cycle started when the moment around the z-axis (Mz) deviated by more than 5 percent from baseline and ended when Mz returned and remained less than 5 percent from baseline ( Figure 3 ) [16] . We analyzed push cycles from five consecutive cycles during the 10-second recording that met the criteria described previously. The mean and peak of each shoulder joint moment for the five cycles were computed and then averaged together to yield the mean and mean peak for the trial. The same process was repeated for the second trial. The mean and peak of both trials were averaged together.
Temporal Characteristics
The push angle was computed with the use of kinematics. The start angle was defined as the angle between the center of mass of the hand at the beginning of the push phase and the vertical (Figure 3) . We computed the hand center of mass using the positions of the four markers of the hand and the Dempster coefficient [17] . The midpoint of the distance between the ulnar and radial styloid processes and also between the fifth and second metacarpal joints were computed. Next, the center of mass was located at 0.506 percent of the distance of the line joining the two midpoints, starting from the proximal part (i.e., midpoint between the styloid and ulnar processes).
The end angle was obtained based on the position of the center of mass of the hand and the vertical at the end of the push phase. The push angle was computed by adding the start angle and the end angle. The push angle was calculated for each of the five cycles of the trial and averaged together, yielding an average push angle for the trial. The same process was repeated for the second trial. Both trials were then averaged together.
The push frequency was computed for each trial and was defined as the number of push cycles over the 10-second trial. The push frequency of the first and second trials were averaged together, yielding a mean push frequency for each condition. 
Statistical Analysis
We performed a two-way analysis of variance with repeated measures using Statistica software (Stat Soft Inc, Tulsa, Oklahoma). The significance level was set at p < 0.05. The two trials were averaged together. The two factors used for analysis were STA and SBA. The dependent variables were the mean and peak moments for adduction/abduction, internal/external rotation, flexion/ extension in the sagittal and horizontal plane, the average push angle, and the average push frequency of each condition. We analyzed whether the STA and/or SBA adjustments significantly affected the dependent variables. Contrast analyses were performed when significant main factors were found. Figure 4 depicts a timed series of shoulder joint moments for one participant. Each curve represents a push phase computed over one trial. The shoulder joint moments are expressed in the reference system described by Cooper et al [16] .
RESULTS

Shoulder Joint Moments
Mean Moments
The mean and standard deviation of each shoulder joint moment with respect to the seat position are given in Table 2 . The highest average moments were for flexion in the sagittal plane (9. 
Peak Moments
The mean and SD of all peak shoulder joint moments with respect to STA and SBA are displayed in Table 3 . The highest peak moments were for flexion in the sagittal plane (15. 
Temporal Characteristics
The mean push angle was between 38.28° (10° STA, 105° SBA) and 43.22° (0° STA, 100° SBA). A significant main effect was found in the push angle for STA (F 2,26 = 4.91, p < 0.02) and SBA (F 2,26 = 4.42, p < 0.03). No interaction was found between the two factors ( Table 4) . Contrast analysis revealed that when compared with 10°F Table 2 . Mean ± standard deviation (N•m) shoulder joint moments for adduction, abduction, internal and external rotation, and flexion and extension in sagittal and horizontal planes for different system tilt angle (STA) and seat-to-backrest angle (SBA) configurations. Table 3 . Mean ± standard deviation (N•m) peak shoulder joint moments for adduction, abduction, internal and external rotation, and flexion and extension in sagittal and horizontal planes for different system tilt angle (STA) and seat-to-backrest angle (SBA) configurations. STA, the 0° and 5° STAs significantly increased the total push angle for all SBAs combined ( Table 4) . According to the analysis, a 105° SBA had a significantly lower push angle when compared with a 100° SBA for all STAs combined. The mean push frequency varied from 1.11 push/s (5°S TA, 95° SBA) to 1.17 push/s (10° STA, 100° and 105°S BA). The mean push frequency for all positions was 1.16 push/s. The analysis did not reveal any significant main effect or interactions between factors in the push frequency for any STA and SBA combination ( Table 5 ).
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DISCUSSION
In this study, we determined whether modifying the wheelchair configuration affected the load sustained by the shoulder. Our analysis did not reveal any significant changes in either average or peak shoulder joint moments. This suggests that participants did not need to adjust their torque production around the shoulder to counter the changes in STA and SBA to maintain the same speed. One possible explanation why no significant differences were found in the shoulder joint moments for various seat angles is that the initial horizontal and vertical positions of the wheel axle were kept constant with respect to the shoulder position in each condition. In the current experiment, the height was set so that elbow extension was about 120°, which gives the highest mechanical efficiency [1] and reduces shoulder torque (in the sagittal plane) [18] when compared with a higher seat position. The horizontal position of the wheel axle was located about 4 cm forward of the shoulder. We chose this distance based on reports in the literature that a forward axle position with respect to the shoulder has biomechanical advantages [2, 4] . In addition, Gutierrez et al. recently showed that a horizontal wheel axle position of 8 cm forward of the shoulder yielded significantly lower peak activity of the propulsive muscles (i.e., pectorialis major, anterior deltoid) and could reduce the risk of shoulder muscle fatigue and injury [19] .
The results of the aforementioned studies suggest that the most important parameter in wheelchair positioning is the location of the wheel axle with respect to the user's morphology [1] [2] 4, [18] [19] . Our results concur with these findings, since the shoulder joint moments were not influenced by STA or SBA modifications. Therefore, one can modify the seat angle without compromising the musculoskeletal structures of the shoulder or increasing the load sustained by the shoulder if the initial position of the wheel axle is kept constant to the user's morphology. Moreover, we believe that as long as the horizontal position of the wheel axle is located forward of the shoulder (e.g., 4 cm, 8 cm) and the height is between 110° to 120° elbow extension, shoulder load will be minimized. Future studies on different axle positions are needed to test this hypothesis.
Changing the STA and/or SBA can be done with the aim of increasing the user's comfort. Hirota et al. showed that an elderly population was significantly more comfortable when the SBA was between 95° and 111° than when it was less than 94° [20] . Similar findings were also reported by Lacoste et al. [21] , who studied the use of power tilt/recline systems among 40 wheelchair users. They found that 97 percent of the users surveyed used this system on a daily basis. The main reasons that the users Table 4 . Mean ± standard deviation push angle for each system tilt angle (STA) and seat-to-backrest angle (SBA) configuration for 14 participants.
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SBA ( modified their seating angles were to increase comfort and to modulate the pressure at the seat interface. By tilting the seat backward, clinicians and users could modify pressure distribution at the seat interface by shifting the weight toward the back and thereby reducing pressure under the buttocks [22] . Reduction of pressure under the buttocks by modification of the seating angle could, along with other means (i.e., pressure relief cushions), help prevent pressure ulcers [23] [24] . Pressure ulcers are frequent among wheelchair users, especially among the elderly population [25] . Aissaoui et al. stated that tilting the seat backward increases the fraction of effective force during propulsion [11] . They suggested that as long as the direction line of the resulting force intersects the segment defined by the shoulder and elbow, the stress at the shoulder joint should be minimized [11] . Our results support Aissaoui et al.'s idea, since the shoulder joint moments were not significantly increased when the seat was tilted backward. This result suggests that tilting the seat backward enables the user to propel with a more efficient resulting force at the hand rim without increased stress on the shoulder. Higher propulsion efficiency without significantly increased shoulder load could imply a more optimal wheelchair configuration for the participants studied here.
Our analysis revealed that tilting the system by 10°s ignificantly decreased the push angle. However, the differences found here were small (~2°) and could have been caused by measurement errors. To determine the uncertainty of our angle measurements, we performed a simple sensitivity analysis. The Motion Analysis System that we used to determine the marker positions has a 2.5 mm reconstruction error [12] . The analysis revealed an uncertainty of ±0.5°. Our uncertainty, computed by kinematics, was lower than that for the same angle computed by kinetic measurements, which could reach 16° [26] . The significant differences that we found in the push angle (~2°) are four times larger than the uncertainty of ±0.5°. Therefore, the sensitivity analysis suggests that the significant differences found in our push angle were consistent but small. These approximately 2° differences could be explained by less hand excursion near the end of the push phase caused by a more reclined position.
Our analysis did not show significant changes for the push frequency. Samuelsson et al. tested 12 subjects with paraplegia and found a significant decrease in push frequency when the system was tilted from 5° to 12° for a speed of 0.8 m/s [27] . However, their seat angles were accompanied by different vertical and horizontal axle positions, which have been shown to affect push frequency [4] . Samuelsson et al.'s results combined with ours suggest that the push frequency is affected more by variations in the position of the wheel axle than by variations in STA or SBA.
The main limitation of our study is that we used an experimental ergometer and custom-built wheelchair rather than the participants' own wheelchairs. The seat width was not adjustable to the participants, which could have influenced the propulsion style. However, the seat was large enough to fit each participant and no major complaints about discomfort were reported. Therefore, we are confident that the experimental wheelchair represented as closely as possible the participants' actual wheelchairs, given the constraints of our experimental procedure (i.e., axle position). Moreover, we used the custom wheelchair to test different seating angles that would have been difficult to accomplish with the participants' own wheelchairs. Since the wheels were fixed to the ergometer, participants could not have experienced the possible instability yielded by changes in the seating angle. Even though the experimental ergometer gives rise to limitations, it is still a useful and valid tool for evaluating people with disabilities who use MWCs for locomotion [28] .
Our study population was MWC users over 65 years of age. We focused on this population because they represent the majority of MWC users [29] . The sample was heterogeneous because the diagnoses among the elderly MWC population vary widely and none is predominant [29] . Thus, the nonhomogeneity of the sample, in our view, better represents the population of MWC users over 65. Moreover, studies have shown that only 45 percent of elderly MWC users in a nursing home were able to propel by themselves and the percentage of time they were observed propelling was low (~4%) [30] . This low propulsion rate was associated with muscle weakness and pain during propulsion [30] . Nichols et al. showed that more than 40 percent of elderly MWC users complained of pain around the shoulder [31] . Therefore, biomechanical studies of elderly MWC users are important for helping them maintain their independence level and preventing injuries.
To our knowledge, no other study has measured shoulder joint moments in elderly MWC users; however, shoulder loads have been analyzed in other populations (e.g., spinal cord injury, athletes, nondisabled). A summary of these studies is presented in Table 6 . Across all studies reviewed, the peak flexion and extension moments ranged from 3.9 [32] to 43 N•m [16] , the peak adduction and abduction moments ranged from 2.3 [16] to 31.1 N•m [32] , and the peak internal and external rotation moments ranged from 0.4 [33] to 31.9 N•m [32] . A closer look at Table 6 reveals that shoulder joint moments varied greatly among the different studies. This may be attributed to different velocities of propulsion, slopes, populations, friction, recording devices (e.g., experimental ergometer, own wheelchair, push-rim force recording), and propulsion techniques. Our results are similar to those of Veeger et al. [34] , who used approximately the same speed (0.83 m/s) and power output (10-20 W) . This finding suggests that shoulder joint moments depend more on the experimental procedure and design, since our populations were different. Therefore, the various experimental settings, as summarized in Table 6 , make comparisons difficult between studies and limit interpretation of the results to the specific [27] . Nevertheless, shoulder joint moments give insight into the load sustained by muscles during a specific movement and have been correlated with compressive and contact forces around the shoulder joint [34] [35] . Thus, shoulder joint moments can provide information on the relative demands of different situations or configurations on the shoulder. In this study, no significant changes in shoulder joint moments were noted for the different wheelchair configurations. Although not studied here, the propulsion technique could have varied for different wheelchair configurations, as suggested by Masse et al. [3] , and influenced shoulder torque. In future work, we will try to establish the relationship between propulsion pattern and shoulder joint moments.
CONCLUSIONS
Results from this study show that modifying the STA and SBA while keeping the wheel axle constant with respect to the participant's shoulder did not significantly increase shoulder joint moments in a group of elderly MWC users. Therefore, wheelchair positioning can be determined according to what is most comfortable to the user and will best modulate pressure at the seat interface without increasing the risk of shoulder injuries. The clinical application of our findings are somewhat limited, since keeping the wheel axle constant with respect to the participant requires specific tools that are not always easily accessible to clinicians. However, the results provide a good basis for future work, since we showed that keeping the axle position constant to the participant's shoulder allows a certain maneuverability in modifying seating without increasing the user's shoulder load. This finding could lead to other research and help optimize wheelchair positioning.
